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The effects of temperature (-80 to 1600C), strain
rate (l.67xI0- 2 to 1.67xIO-S sec-I), and specimen
orientation (parallel, 45°, and transverse to the rolling
direction) on the mechanical properties and deformation
behavior of a 22Cr-6Ni-3Mo-0.2N-Fe duplex stainless steel,
AL2205, were evaluated with standard tensile testing
techniques. The steel was received as 1.22mm thick sheet
in the annealed condition. Light and transmission electron
microscopy showed that the microstructure consisted of
highly elongated bands of ferrite dispersed in an austenite
matrix, with a ferrite content of 40 vol pet. The two
phases were fully recrystallized and the grain sizes of the
ferrite and austenite were 1.7 and 3~m, respectively.
Ultimate tensile strength and yield strength
experienced a pronounced linear increase with decreasing
temperature. Total strain to failure remained relatively
constant as a function of temperature, but went through a
maximum at OOC. Post-uniform. strain was insensitive to
temperature, and, therefore the changes in total strain
paralleled changes in uniform strain. Strain rate had a
very small effect on properties and deformation behavior,
and strain rate sensitivities ranged from 0.007 to 0.013.
Specimen orientation effects were nominal, with specimens
iii
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oriented transverse and 450 to the rolling direction
showing the highest and lowest strengths, respectively.
Strain hardening rates increase with decreasing
temperature. The higher strain hardening rates are
attributed to an increased tendency for twinning and
strain-induced martensite formation in the austenite at low
temperatures. Otherwise, dislocation cell structure
development characterized the deformation of the ferrite
and austenite. SEM examination of tensile fracture
surfaces showed that ductile, microvoid coalescence
characterized the fracture of both the ferrite and
austenite at all temperatures. The absence of cleavage in
the bcc ferrite at low temperatures may be due to the
ductile austenite phase, the high Ni content of the
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1.1 General Duplex structure
1.1.1 Background
1
Duplex stainless steels were developed to provide a
material with good corrosion resistance coupled with high
strength and good formability. Duplex stainless steels
containing austenite and ferrite, typically in equal
amounts, possess a combination of properties that can not
be achieved by either fully austenitic or fully ferritic
stainless steels. They offer improved mechanical strength,
corrosion resistance, and resistance to stress corrosion
cracking compared to austenitic stainless steels. Duplex
stainless steels also possess a greater ease of
fabricability and a higher toughness than ferritic
stainless steels (1).
A duplex alloy is one which possesses a two phase
microstructure. This term is generally reserved for alloys
in which the phases are present in substantial volume
fractions and are present in the form of relatively large
separate volumes (in contrast to the situation where one
phase is present as a fine precipitate within a major
As early as 1927, Bain and Griffiths reported the
existance of duplex stainless steels (2). It was found
that ferrite in austenitic stainless steels increased
resistance to sensitization. Also, ferrite was used to
improve the proof stress of castings. However, at that
time, poor hot workability of ferrite-austenite stainless
steels was encountered. Thus, it was not until the 1950's
when nickel shortages were experienced, that interest in
duplex stainless steels was revived. When compared to
austenitic types, duplex stainless steels contained lower
nickel contents, but had improved strength properties and
phase) (2). In duplex stainless steels both phases satisfy
the requirement of a stainless steel, i.e. they contain at
least the 12 wt% Cr required to make a steel "stainless"
(i.e., capable of forming a passive film which prevents
corrosion in many common media). The most common stainless
steel phases are face-centered cubic (fcc) austenite, y, and
body-centered cubic (bee) ferrite, denoted as a or 0 when it
forms via a high temperature diffusion-controlled
reaction. Martensite, which forms via a diffusionless
shear transformation at low temperatures (2), may be
body-centered tetragonal (bet) or hexagonal close packed
(hcp), depending on composition.
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1.1.2 Typical Compositions and Applications
As a "r e s u l t of recent extensive research and
development, a number of new wrought alloys have been
developed. Duplex stainless steels are now considered as a
separate class of stainless steels, intermediate between
ferritic and austenitic stainless steels.
The typical composition range for duplex stainless
steels is, in weight percent: 0.08%-max C, 18-26% Cr, 3-6%
Ni, 1-3% Mo, 2% max Si and Mn, 0.20% max N, 0.04% max P
and S, with some alloys containing up to 3% Cu. The two
phases comprising the duplex material have the following
corrosion resistance. These alloys still possessed poor
toughness and ductility. Therefore, when the nickel
shortages receded, the development of duplex alloys
virtually ceased.
In the late 1960's and 1970's, another nickel shortage
led to the renewed development of duplex ferrite-austenite
alloys. This, coupled with other metallurgical
advancements, such as lowering interstitial carbon and
nitrogen levels and improved heat treatments; led to alloys
which possess good mechanical properties coupled with
corrosion resistance, including chloride stress corrosion
cracking resistance (3).
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general compositions: Ferrite - 0.15% max C, 12-27% Cr,
1.5% max Mn, 1% max Si, 0.04% max P and S, with possible
additions of less than 1% AI, Ti, Mo, Ce, or Ta; Austenite
- 0.20% max C, 16-25% Cr, 6-20% Ni, 2% Mn, 2.5%-max Si,
0.045% P, 0.03% S. Table 1.1 shows duplex, austenitic, and
ferritic compositions for several common alloys.
There are several producers of duplex stainless steel
alloys, including Avesta (Sweden), Cabot Corporation
(Indiana, USA), Carpenter Technology (Pennsylvania, USA),
Mather and Pratt Ltd. (United Kingdom), Nippon (Japan), and
Allegheny Ludlum (Pennsylvania, USA). The alloys are
produced in wrought form and as castings. Cast stainless
steels, similar to wrought alloys, can be categorized as
duplex, ferritic, and austenitic.
Although duplex stainless steels have been known for a
long time, it is only recently that they have played an
important industrial role. The duplex stainless steels
combine some of the qualities of both the ferritic and
austenitic stainless steels, but for certain applications
they are potentially the optimum material (4). Their
applications include the chemical, marine, oil and gas
industries. Most duplex stainless steels are available in
both cast as well as wrought forms, accounting for the




















































































































































































































































































































































duplex stainless steels have been used (1,5,6). Specific
components include heat exchangers, tube-sheets, tanks,
pressure vessels, columns, fluegas scrubbers, shafts,
pumps, valves, fitting and piping. Duplex stainless steels
offer a combination of strength and corrosion resistance
which makes them attractive for a variety of applications,
as shown in Table 1.2. However, due to embrittlement
problems, the maximum temperature of application is limited
to about 250°C.
1.1.3 Phases and Transformations
The predominant phases in duplex stainles steels are
ferrite and austenite. The ratio of the two phases plays
an important role in defining properties, with the optimum
performance occurring for alloys with equal amounts of both
phases (2). This is considered the optimum microstructure
because when small amounts of ferrite are present, the
deformation becomes concentrated in the ferrite rather than
being distributed. When the alloy is almost all ferritic
and only a small amount of austenite is present, the
austenite phase has a tendency to crack, thereby reducing
the hot workability. The Fe-Cr-Ni system can be best
described by a series of pseudo binary diagrams instead of
by isothermal ternary diagrams (2,4,7). Figure 1.1 (2)
Table 1.2
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Figure 1.1 Psuedo Phase Diagrams of the Fe-Cr-Ni System
with Varying Iron Contents (2)
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shows the pseudo binary diagrams for Cr and Ni with various
amounts of Fe.
Transformation of austenite to martensite is possible,
particularly in alloys with more than about 60% Fe, where
the austenite is unstable at low temperatures. This
martensite differs from that commonly found in plain carbon
or alloy steels in that the stainless steel carbon content
is lower. Therefore, the martensite in a stainless steel
will not be as hard or brittle, but the nature of the
transformation is the same.
Most wrought alloys are characterized by the 70% Fe
diagram. Due to the curvature of the phase boundaries,
temperature and composition will control whether or not the
alloy falls within the two-phase area.
In a casting, if equilibrium solidification were to
occur, the duplex structures could only be produced if the
alloy enters the a + y field upon freezing. Most
duplex castings and duplex weld metals have a composition
outside this range. The first liquid to form, either
ferrite or austenite, is dependent on the alloy
composition. During freezing the liquid composition is
driven towards the eutectic. The non-equilibrium nature of
solidification causes the last material to freeze to be
T-3674 11
duplex, even though the bulk alloy composition lies outside
this region (2). The amount of ferrite in a duplex casting
or weld metal can be determined from the Schaeffler diagram
with Cr and Ni equivalents (2,4). A modified Schaeffler
diagram incorporates the effects of nitrogen (2,4).
Wrought duplex stainless steels have a composition
which is in the ferrite plus austenite phase field at an
elevated temperature where they are hot worked (typically
10000C to 1200 0C). The hot working produces a structure
which is characterized by bands of ferrite and austen ite
that are elongated in the rolling direction. It has been
found that these bands are polycrystalline in nature
( 2 , 8 ) . The Schaeffler diagram can not be used to predict
the amount of ferrite in wrought alloys. However, Pryce
and Andrews have developed a similar type diagram with
redefined Cr and Ni equivatents applicable at only a
specific temperature (2).
The pseudo binary diagrams show conditions for ferrite
and austenite formation. Various carbides, brittle Cr-ri ch
phases such as sigma, chi, and R, a Cr-rich bcc phase,
copper precipitates, and martensite can also form
(1,2,4,9,10). It has been found that, with the exception
T-3674 12
of martensite, all of these precipitates form within the
ferrite phase, at ferrite grain boundaries, or at Q-y
interfaces (2,4). Figure 1.2 represents the
temperature-time precipitation curves observed in a common
duplex alloy, U50 (21wt% Cr, 7wt% Ni, 2.5wt% Mo with 30-35%
ferrite when hot worked at 1000-1150 0C). The phases present
are as follows:
1. M7C3 (2,10): This high temperature carbide (950-1050 0C)
precipitates at ferrite-austenite interfaces.
Precipitation can be avoided by cooling past this region in
less than 10 minutes.
2. M23C6 (2,4): Forms below 950°C at predominately a-y
interfaces, but is also present at Q-Q and y-y grain
boundaries and to a lesser degree inside the ferrite and
austenite grains. This precipitation is very fast,
requiring less than a minute to form at 800°C.
3. Sigma phase (1,2,4): In binary Fe-Cr alloys, sigma
phase is present only below about 820 0 e and the rate of
formation is slow, requiring hours to form, and thus, it is
not much of a problem. However, in alloys containing Mo
and to a lesser extent Ni in the ferrite phase (as in U50)
sigma is stabilized and forms at temperatures in excess of
950°C. Since sigma phase greatly reduces toughness, it
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Figure 1.2 Temperature-Time Curves for Various Phases
Observed in Alloy U50 (2)
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cooling after working or annealing at 11500C is
required.
4. Chi, R phases (1,2,4): Aging at 600-700oC for
more than 6 to 10 hours results in the formation of chi,
which, like sigma, is brittle and undesirable. It has an
ordered cubic structure of Fe36Cr12Mo10 composition. R phase
(Fe2Mo) is also undesirable, and is usually present in
lesser amounts than chi.
5. Alpha prime (1,2,4): This is the lowest temperature
decomposition product of the ferrite in a duplex stainless
steel. It is a Cr-rich, bcc precipitate, and gives rise to
the phenomenon of 475°C embrittlement in the ferrite
phase. Spinodal decomposition at 475°C is commonly
thought to be the cause.
6. Gamma 2 (2): This phase is the age hardening
product of an alloy consisting of pure ferrite. The
austenite precipitates during low temperature aging. The
morphology of the precipitated austenite is quite different
from the bulk austenite, characterized as being lenticular
with a midrib. This type of austenite is denoted as Y2'
7. Cu precipitates (2,9): Not all alloys contain Cu,
but those that do may form Cu precipitates in
approximately the same temperature regime as Y2. Like
Y2, these precipitates are fcc.
8. Martensite (1,2,7): The austenite may be metastable
at low temperatures and may transform to the bcc structure
a t low temperatures. This transformation is a
diffusionles~ shear transformation. The Ms (martensite
start) temperature depends upon the composition. Both lath
shaped bcc martensite (termed a', but not the same as the
above mentioned Cr-rich bcc structure) and hcp (hexagonal
close packed) epsilon, e martensite may form. The
epsilon martensite was found to be a low temperature
transition phase, transforming to the lath shaped bcc
martensite with increasing strain. Epsilon martensite was
not observed with deformation above -50°C (2). Above
this temperature, austenite transformed directly to lath
martensite. High additions of Cr, Ni, and Mo in total,
suppress the Ms temperature and prevent the formation of
the martensitic structure.
The majority of the preciptiation events involve a
diffusion-controlled process, typically the diffusion o f
Cr, causing Cr depleted areas. Therefore, not only are
these precipitates deterimental to mechanical properties,
such as toughness, but they also adversely affect corrosion
behavior.
Independent of the precipitation phenomena, the amount
of partitioning of alloy elements between the ferrite and
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1. Effects of Carbon (2,3,4):
Carbon is a strong austenite stabilizer when dissolved
in duplex stainless steel and provides solid solution
strengthening to both phases, particularly the austenite.
However, when it is tied up as carbides, it adversely
affects mechanical and corrosion properties. Specifically,
when chromium carbides form on grain boundaries,
austenite is limited. Certain elements segregate
preferentially to one phase or the other. This is caused
by the difference in element solubility between the two
phases. An effect caused by this preferential segregation
is phase stabilization. For example, nitrogen and nickel
preferentially segregate to the austenite phase and
increase austenite stability. Table 1.3 shows alloy
element contents present in each phase of Zeron 100 duplex
stainless steel. others (11) have found the amount of
segregation to be even less pronounced.
Each alloying element, as will be described below,
serves a specific purpose in a duplex stainles s steel.
There is typically a maximum and/or minimum composition
level which is acceptable for the alloying element to give
the stated benefit. If these limits are not met, one or
more adverse results may occur.
T-3674 16
Table 1.3
Chemical Compositions of Ferrite and Austenite











sensitization occurs. At low levels, carbon gives good hot
workability and limits carbide precipitation which reduces
susceptibility to localized corrosion.
2. Effect of Chromium (3,4,9):
Chromium is a ferrite stabilizer. It also provides
the driving force for the passive oxide layer formation and
stabilization. When it is combined with Ni, in the
appropriate composition balance, good pitting and general
corrosion resistance are obtained. Proper combinations of
Cr and Ni also produce good mechanical strength and
toughness values. When chromium combines with carbon
however, the precipitates lead to the phenomenon termed
475°C embrittlement.
3. Effect of Nickel (3,4,9):
Nickel is an austenite stabilizer. It has also been
shown to improve the low temperature toughness of ferrite
and the duplex structure. However, it also seems to
accelerate the formation of Cr-rich bcc a precipitates in
the ferrite. In terms of corrosion, in reducing
environments especially, Ni slows the corrosion kinetics.
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4. Effect of Molybdenum (3,4,9):
Molybdenum is a ferrite stabilizer and also acts to
stabilize the passive film. Good pitting resistance is
also obtained. Since Mo can stabilize sigma phase once it
is formed, a low Mo content is required in large castings.
Wrought products may be cooled at higher rates than
castings, therefore suppressing sigma phase formation and
permitting higher Mo contents to be used. Molybdenum in
solid solution helps to increase the strength.
5. Effect of Nitrogen (2,3,4):
Nitrogen is a strong austenite stabilizer, with a
maximum solubility in the austenite of 0.2%. It also
provides solid solution strengthening in both phases.
Further, it reduces chromium partitioning between the two
phases. Thus, pitting and general corrosion resistance are
improved. Nitrides may form when elements such as Al are
present. Nitrogen indirectly improves the ductility and
toughness because it is an austenite-forming element. In
solid solution, it also increases the strength of the
alloy.
6. Effect of Manganese (4):
Manganese is an austenite stabilizer, and, if at the
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appropriate level, will aid in nitrogen solubility without
producing losses in toughness or corrosion resistance. It
has little affect on the amount of the two phases present.
By tying up sulfur, hot cracking is retarded.
7. Effect of Copper (3,9):
Like nickel, Cu improves resistance to acidic
corrosion. However, it also promotes embrittlement through
formation of precipitates in duplex stainless steels.
8. Effect of Silicon (3):
Silicon is a ferrite stabilizer and gives good local
corrosion resistance and stress corrosion cracking
resistance. Silicon can also promote embrittlement.
9. Effect of Sulfur and Phosphorus (4):
In low concentrations, Sand P give good corrosion
resistance. Sulfur particularly, segregates preferentially
in ferrite, since the solubility is greater in ferrite than
in austenite. However, these elements also promote ho·t
cracking.
Optimum properties of a duplex stainless steel alloy
are obtained when the amounts of austenite and ferrite are
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almost equal. These optimal properties include mechanical
behavior, weldability, hot workability, and corrosion
behavior.
1.2 Mechanical Properties:
Duplex stainless steels containing austenite and
ferrite possess a combination of properties that can not be
achieved by either fully austenitic or fully ferritic
stainless steels. For example, duplex stainless steels
have yield strengths that are two to three times higher
than the austenitic stainless steels and possess better
ductility than the ferritic stainless steels. Mechanical
properties, such as strength, ductility, and toughness, are
given below for the three types of stainless steel. These
properties can be affected by processing, composition,
grain size, precipitation events, and the amount of ferrite
present.
1.2.1 strengthening Mechanisms
There are several basic mechanisms of strengthening
steels, including work hardening, martensitic hardening,
solid solution strengthening by interstitial and
substitutional atoms, and grain refinement.
When a metal or alloy is plastically deformed by
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working, bending, hammering, or any means that takes it
beyond its yield point, it becomes harder and stronger, as
a result of work hardening or strain hardening. Work
hardening is caused by dislocations interacting with each
other and with barriers which impede their motion through
the crystal lattice (4,12,13). As a material is worked,
the dislocation density increases and is accompanied by a
distortion of the crystal lattice. The dislocations start
to form tangles which eventually develop into a cell
structure. The size of the cells increase with increasing
deformation temperature. As the temperature at which a bcc
structure is deformed decreases, the strain required for
cell formation increases because cross slip by screw
dislocations is inhibited. The original properties of the
metal can be restored by heating above the
recrystallization temperature. In general, the austenitic
structures work harden at higher rates than ferritic
structures.
Martensitic hardening in ferrous systems is associated
with a change in crystal structure from face-centered to
body-centered cubic or tetragonal structure. This
transformation can be caused by quenching or can be
deformation induced. The hardness increase is due to the
SUbstructure formed during the shear transformation and the
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lattice strains caused by trapped carbon atoms. The
transformation increases the dislocation density of the
surrounding material due to a volume expansion. This
increase is the dislocation density increases the strain
hardening rate and thus the strength. Carbon solubility is
greater in the austenite (fcc) than in ferrite (bee).
Therefore, upon transformation, the carbon atoms are not
easily accommodated in the bec structure. The structure is
distorted through the presence of the carbon atoms and this
brings about an increase in hardness and strength ( 4 , 12 ) .
Martensitic hardening is a process which greatly affects
the strength of the austenitic stainless steels,
particularly at lower temperatures and high strains.
Solid solution strengthening raises the yield strength
and increases the strain hardening rate of the material,
and, thus, the stress-strain curve is raised to higher
stress levels at all strains. Strengthening occurs from
interactions between solute atoms and dislocations which
produce distortions in the crystal lattice. Solute atoms
tend to group preferentially at dislocations, stacking
faults, low-angle boundaries, and grain boundaries.
Interst it.ial atoms, such as carbon and nitrogen, cause
non-spherical distortions and large strength increases.
The solubility of both carbon and nitrogen i s higher in
I-l..------
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austenite than in ferrite. However, nitrogen strengthens
ferrite also. Solid solution strengthening caused by
substitutional atoms, for example Cr and Ni, is not a very
potent strengthening mechanism (4,12,13).
The refinement of grain size provides an important
strengthening mechanism. The Hall-Petch equation, given in
equation 1.1, expresses the grain-size dependence of the
flow stress at any plastic strain, up to the point of
ductile fracture (13,14). The Hall-Petch equation is
1.1
where 0 is the stress, 0 0 and k are constants, and d is
the grain diameter. For this mechanism, the strength
increase is caused by grain boundaries acting as barriers
to dislocation motion. Thus, the smaller the grain
diameter, the more grain boundary area and the more
barriers encountered by dislocations. Duplex stainless
steels have smaller grain sizes than fully ferritic or
fully austenitic stainless steels in the annealed condition
(7,8).
1.2.2 Strength - Ductility
Table 1.4 lists the yield strength, ultimate tensile
T-3674
Table 1.4
Mechanical Properties of Several Duplex
Stainless Steel Alloys (2)
Alloy 0y(MPa) OUTS (MPa) E.f(%)
Ferralium 255 480 740 20
(min) (min) (min)
7Mo 565 583 3 1
DP3 390 585 18
(min) (min) (min)
44LN 450 700-900 25
(min) (min)




strength, and strain to failure of several duplex stainless
steel alloys. This table shows that the high strength
values are accompanied by an unexpected amount of
ductility. The mechanical properties of a
ferrite-austenite duplex stainless steel reflect the
mechanical properties of the individual ferrite and
austenite phases. Tables 1.5 and 1.6 present values for
austenitic and ferritic type stainless steel alloys,
respectively. As seen, the ductility of the austenitic
stainless steels is greater than the duplex alloys. The
duplex stainless steels possess greater strengths than both
the austenitic and ferritic stainless steels. Further, the
physical properties, such as the thermal conductivity and
the coefficient of thermal expansion, fall between the
values for these two types of steels as seen in Table 1.7.
For example, the thermal conductivity of alloy AL2205 has a
value of 11 Btu-ft/(h) (ft 2) (OF) and the values for
plain carbon steel and type 304L stainless steel are 30 and
9 Btu-ft/(h) (ft 2) (OF), respectively. For
approximately the same interstitial content, an annealed
ferritic stainless steel generally has a higher yield
strength than an annealed austenitic stainless steels. The
ferritic stainless steels also exhibit a much greater yield
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Austenitic Stainless Steel and Plain Carbon
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Thermal Coeffic ient of Modulus of
conductivity, thermal expansion elasticity in
Btuoft/(h)(ft2)("F> 1Q-6in./in.I'F, tension,
at 6soF at 6S-212"F ksi
Steel (5)






















increases the yield strength of a duplex alloy when added
to austenite, especially at low temperatures. This
behavior is illustrated by data of Floreen and Hayden for
an alloy with 50 to 60 vol% ferrite, as shown in Figures
1.3 and 1.4 (2). These figures show that the strength
values for the duplex stainless steel lie closer to the
ferrite than to the austenite values.
The yield strengths of duplex stainless steels
increase as the amount of ferrite increases. However, the
inverse is true for the ultimate tensile strength (see
Figures 1.5 and 1.6). Figure 1.5 shows the dependence of
yield strength on the amount of ferrite for various test
temperatures. Figure 1.6 shows the curves for the ultimate
tensile strength. These trends occur because as the amount
of ferrite increases, many of the benefits of the austenite
are lost, such as its high work hardening ability and its
non-cleavage type fracture.
When comparing mechanical properties of wrought and
cast products, higher strength and ductility values are
obtained for the wrought products. This is due to the
lower molybdenum content and the larger grain size of the
casting. However, fine cast structures, as obtained in
weldments, can produce strengths higher than the wrought
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Comparison of the Yield strength of a Duplex
Alloy containing 50-60wt% Ferrite, compared to






















Figure 1.4 True Stress-True Strain Behavior of a Duplex
Alloy containing 50-60wt% Ferrite, compared to






















Figure 1.5 Yield strength Dependence of Ferrite of



































F i gure 1.6 Ultimate Tensi le Str engt h Dependen c e on
Ferr i t e o f Dupl ex Stainless Steels (2)
T-3674
The precipitation events experienced in duplex
stainless steels adversely affect their mechanical
properties and, therefore, use of these steels will have an
upper temperature limit. The cr and a phase precipitation
embrittles the material. Figure 1.7 shows the effect of
475°C embrittlement on the mechanical properties (13).
There is a decrease jn the toughness of AF22 duplex
stainless steel annealed in the temperature range of
450-500oC.
1.2.3 Toughness
The toughness of a material is related to its ability
to absorb energy during mechanical loading and fracture
(13). There are several ways to characterize toughness.
The first is to consider that it is the total area under
the stress-strain curve. This area is an indication of the
amount of work per unit volume which can be done on the
material without causing it to rupture. Such a
consideration illustrates that toughness is a parameter
which has components of both strength and ductility.
The second way to characterize toughness is through
either t he ductile to brittle transition temperature (DBTT )
or the fracture transition point (FTP). The curves from
T-3674 34
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Figure 1.7 Tensile strength and Impact Energy o f AF22
Duplex Stainless Steel as a Function of
Exposure Temperature (1 3)
T-3674
which these values are obtained are presented in Figure
1.8. In Figure 1.8, temperature Tl would be the FTP. T2
would be the 50% cleavage temperature. The DBTT would be
either T3 or T4 depending on the interval used. T3 would be
the DBTT for the half way point between the upper and lower
shelf energies. T4 would be the DBTT for a minimum
absorbed energy criteria (often 15 ft-lb). Temperature
TS is the NOT (null ductility temperature) (12). These
types of curves are generated by impact testing of ferritic
steels, which show a strong temperature dependence of
yielding and ductility. Charpy-V notch testing is common ly
used in the United states, while Izod testing is used in
Great Britian. It is important to realize that the
fracture energy measured is only a relative energy and
cannot be used directly in design equations.
There are several metallurgical factors which can
alter toughness. The factors are a change in the energy
absorbed in ductile fracture, and a shift in the
ductile-brittle transition temperature. Ductile fracture
occurs by the formation, growth, and joining of voids.
Energy is absorbed in ductile fracture through plastic
deformation around a growing void. Toughness in the
ductile fracture region is roughly proportional to the
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Figure 1.8 Various Criteria of Transition Temperature
Obtained from Charpy Tests (12)
becomes stronger, it is less able to resist void growth and
less energy is dissipated in plastic deformation around the
growing void (12).
An increase in toughness is also caused by decreasing
the size and increasing the dispersion of alloy carbides
and other inclusions. Svensson and Gretoft (16) found that
for a duplex stainless steel at low temperatures, the
dimple mode of fracture still dominates, but the dimples
are more shallow as a consequence of the increasing yield
strength with decreasing temperature. Areas of cleavage
fracture of the bcc phase can be seen in specimens tested
at -100°C.
The ductile-brittle transition temperature is used to
establish temperature regimes where brittle fracture or
ductile fracture dominate. By lowering the transition
temperature, brittle fracture is prevented. Alloying
elements, especially Ni, are known to increase toughness by
lowering the ductile-brittle transition temperature.Nickel
permits cross slip of screw dislocations to lower
temperatures in ferrite and lowers the transformation
temperature of austenitee to the more brittle martensitic
phase. The precipitation of 0 and/or a' decrease
toughness (4,17).
The effect of grain size on the ductile to brittle
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1.2.4 Anisotropy
The austenite and ferrite phases of duplex stainless
steel sheet are highly banded and produce a laminated
duplex stainless steels have excellent toughness to
complement their high strength. Compared with ferritic
stainless steels, the temperature dependence of the impact
energy curves for duplex stainless steels is more g r a d ua l
and the DBTT occurs at a lower value (5). This behavior is
similar to that of the fcc-type materials in Figure 1.11.
transition temperature is shown in Figure 1.9. By reducing
the grain size, the DBTT decreases, and could, in some
systems, be eliminated. Figure 1.10 shows the effect of
increasing the amount of the more brittle phase, ferrite,
on the transition temperature. An increase in the ferri te
content causes a decrease in toughness.
A schematic drawing showing how the energy absorbed by
the two phase types, bee and fcc, varies with temperature
is given in Figure 1.11. This diagram demonstrates that
austenitic stainless steels have higher toughness than the
ferritic types, and do not go through a ductile to brittle
transition. Thus the energy absorbed _during fracture of
austenitic steels does not change drastically with
39






TYPICAL TRANSITION CURVE FOR
CONVENTIONALLY HEAT-TREATED
5Ni-Cr-Mo-V STEEL
YIELD STRENGTH 1082 MPa
TENSILE STRENGTH 1275 MPa
ASTM GRAIN SIZE 9
TESTING TEMPERATURE. F
5 Ni-Cr-Mo-V STEEL PROCESSED
BY RAPID HEAT TREATMENT
YIELD STRENGTH 1405 MPa
TENSILE STRENGTH 1460 MPa




Effect of Grain Size on Ductile to Brittle
Transition Temperature for a 5Ni - Cr - Mo- V
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Figure 1.11 Effect of Temperature on the Toughness of
Various Types of Materials (13)
structure. Many investigators have found that both phases
are in a recrystallized condition and have almost equal
micro-hardnesses (8,18). When considered separately,
ferritic steels are normally found to be stronger than
austenitic steels of comparable chemical composition.
Hutchinson and coworkers (18) used electron-microprobe
analysis to show that the main difference between the two
phases was in the nitrogen content which was ten times
greater in the austenite than the ferrite. This would
suggest that the near equality of hardnesses of the two
phases in the duplex alloy is a result of solid solution
hardening of the austenite by nitrogen.
Since the microstructure of a duplex stainless steel
is banded, anisotropic mechanical properties would be
expected. In principle, this may be caused by a mechanical
fibering effect of the duplex microstructure and/or the
influence of crystallographic texture.
To describe the mechanical fibering effect of the
duplex microstructure, a continuous fiber composite model
is often used (18). In this model, the combination of two
components with different strengths and degrees of work
hardening produce a composite material with an intermediate
degree of work hardening (19). It is assumed tbat the bond
between fiber and matrix is an ideal one, i.e., the necking
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of anyone component is impossible without the necking of
the composite as a whole. In short, the more stable
matrix restrains the less stable fiber. A schematic of the
general stress-strain curve for each component and the
composite is given in Figure 1.12.
The evidence of a crystallographic texture in duplex
stainless steels has been found by several researchers
(8,18). Both ferrite and austenite have preferred
crystallographic orientations. The textures observed are
difficult to interpret since they may evolve both during
hot rolling and during subsequent annealing. Temperature
influences not only the tendency for recrystallization, but
also the relative proportions of the two phases. It is
quite possible that the growth of one phase into the other
with changing temperature is a form of recrystallization
which plays a role in determining the final texture (8).
With decreasing plate thickness (i.e., increased hot
rolling reduction) the textures become more pronounced and
the duplex microstructure is progressively refined. As a
result of these changes, the strength rises and becomes
increasingly anisotropic. It was found that, in almost all
cases, the ferrite and austenite lamellae are essentially
one grain thick, so the lamellar spacing may be considered
to a good approximation as the grain size in these steels.
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Figure 1.12 Schematic Drawing of the General Stress-strain







This progressive refinement in grain size with decreasing
plate thickness is presumably responsible for the
increasing strength levels (8,20).
A consequence of this texturing is that the transverse
samples (900 to rolling direction) are consistantly
stronger than longitudinal samples (0° to rolling
direction). However, several investigators (1,8,19) have
found varying degrees of the anisotropy in the mechanical
properties. Anisotropy is observed in strength as well as
toughness. Figure 1.13 shows how strength varies with
orientation. The transverse strengths are slighty higher
than the longitudinal values, and the 45° orientation
produces the minimum strength values. The difference in
transverse and longitudinal results is shown in Figure
1.14, for both strength and toughness. Again, the
transverse orientation produces the highest strength. The
difference between the transverse and longitudinal
orientations is more pronounced for the toughness values.
For Charpy-V notch samples of transverse orientation,
the crack plane is oriented parallel to the direction of
elongation of the austenite phase, and the crack can grow
through the more brittle ferrite phase for a longer
distance before encountering the more ductile austenite.
For a sample with the crack plane oriented parallel to the
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Figure 1.13 Variation of Tensile Properties as a Function
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Figure 1.14 Difference in Transverse and Longitudinal
Orientation on a)strength and b)Toughness
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constrained deformation of the two phases necessitates an




in uniaxial tension, is commonly quantified through the
•This dependency of flow stress on strain(g) and strain rate(g) ,
It has been established that the ferrite phase
hardening and strain rate hardening of the material.
increase in flow stress in certain directions (18).
Sheet material is often subjected to severe forming
1 . 3 Formability
operations, many of which are limited by tensile
ductility. Formability is dependent upon both the strain
with that preferred by the ferrite. The mutually
present it may introduce a strain state which conflicts
exhibits a higher degree of texture (18). Hutchinson shows
should introduce almost no anisotropy of strength if
that the ferrite phase, although very strongly textured,
encounter more austenite phase and show a higher toughness
(20).
direction of elongation of the austenite, the crack would
T-3674
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where nand m are the strain hardening exponent and the
strain rate sensitivity, and k is a strength coefficient.
Formability and ductility are almost analogous terms,
in that if total ductility is good then so is the
formability. Ductility is commonly measured by the total
tensile strain to failure which is the sum of the uniform
strain and the post-uniform or necking strain. The s t r a i n
hardening behavior and strain rate sensitivity strongly
influence ductility, as demonstrated by, numerical analysis
of tensile testing by Ghosh (22). Uniform strain or
elongation is influenced by strain hardening, and
post-uniform elongation is promoted by high strain rate
sensitivity (21,23,24,25,26). The effect of increased
strain hardening and increased strain rate sensitivity on
the ductility of a theoretical material is given in Figures
1.15 and 1.16. Figure 1.15 shows that as the value of the
strain hardening exponent increases so does the total
strain to failure. The total strain to failure i s seen to
increase in Figure 1.16 with an increase in the strain rate
sensitivity. Therefore, for maximum elongation, and thus
maximum formability, both strain hardening and strain rate
sensitivity should be maximized.
s train hardening and strain rate sensitivity are















Figure 1.16 Engineering Stress-Strain Curves for Theore-
tical Materials with Differing Strain Rate
Sensitivities (m) (26)
Figure 1.15 Engineering Stress-Strain Curves for Theore-
tical Materials with Differing Strain
Hardening Exponents (n) The arrow denotes
the point of plastic instability (26)
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strain hardening is controlled through long range
microstructural constituents, such as grain size, and
amount and dispersion of each phase present. Strain-rate
sensitivity is controlled by short range microstructural
aspects, such as dislocation motion and the density of
mobile dislocations (23,24).
The large amount of uniform elongation associated with
good formability is related to a material's ability to
resist necking. In duplex stainless steels, good uniform
elongation is primarily due to a capacity to work harden at
very high rates. Bird and coworkers (27) found that
austenite work hardens more than ferrite. One explanation
of this work hardening behavior is given by Ashby (24 ).
Ashby states that geometrically-necessary dislocations must
be inserted into a soft matrix containing non-deforming
particles to maintain compatability between the ma-trix and
the particles. For duplex stainless steels, during plastic
deformation, t h e austenite is t h e soft matrix whi ch
receives these dislocations. Geometrically necessary
dislocations can be stored and will lead to an increased
work hardening of the material. This will lead to a large
value of the strain hardening exponent, n, and, thus, large
uniform strains prior to the onset of diffuse necking (26).
The period of diffuse necking can be a substantial
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part of the total elongation to fracture for a tensile
bar. The extent of post-uniform strain increases as the
strain rate sensitivity increases. An increase in m
results in a material which exhibits more strain-rate
hardening and thus greater resistance to localized flow
within the necked region (23,28). Values for strain-rate
sensitivity are obtained by single or multiple step-changes
in strain rate during a tensile test. A step change in
strain rate is accompanied by changes in the mobile
dislocation density. Changes in thermal assistance to
dislocation motion and differences in dislocation density
and dislocation-cell size which develop as a result of a
change in strain rate are the primary contributors to the
strain rate sensitivity of an alloy (27). Such dynamic and
structural effects combine to give increases in both flow
strength and strain hardening with increasing strain rate.
Melander (28) found that ferritic stainless steels show a
higher strain rate sensitivity than austenitic sta i nles s
steels.
Strain rate sensitivity as measured by jump test s was
found to decrease with an increase in strain and strain
rate. With an increase in temperature, m was found to
increase. The strain hardening exponent, n, was found to
decrease with an increase in strain, strain rate, and
T-3674 53
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temperature (21). The interaction between these two
variables in determining strength and ductility is
complex.
The strength and ductility of a material is evaluated
by stress-strain curves. Figure 1.17 shows a family of
stress-strain curves for type 304 austenitic stainless
steel (21). The transition from a smooth parabolic shape
to a sigmoidal shape at low temperatures corresponds to
strain-induced martensitic transformation. As temperature
decreases, the rate of martensite formation with strain
increases. The sigmoidal shaped curves correlate directly
to extensive transformation during strain (23).
Ferritic stainless steels have higher flow strengths
and much lower ductilities than the austenitic stainless
steels. Ferritic stainless steels also have a much greater
temperature dependence of low temperature yield strength
than austenitic stainless steels.
1.4 Deformation
Duplex stainless steels deform plastically during
sheet-forming operations. Plastic deformaton is a process
which occurs on the macroscopic as well as the microscopic
level, and may be uniformly distributed or localized.




















































































































































































































Bird et.al., found that macroscopically, shear bands
initiate at the surface of a sheet, at the edges of a
localized neck, and grow inward. The microstructure within
macroscopic shear bands deforms as an aggregate unit.
Within a given region of a shear band, both phases undergo
identical shearing translations which are parallel to the
edges of the band. The bands extend from the sheet surface
into the sheet interior. Inward growth occurs from opposite
sides of the sheet. The necked region of fractured tensile
specimens usually contains several macroscopic shear bands
having varying length, width, and magnitude of shearing
strain which have grown together (27,29). Fracture takes
place by void coalescence within intersecting shear bands.
Flow localization also occurs on the microscopic level
within individual grains of the two phase alloy (27,29).
Coarse slip bands develop within ferrite grains. The
distribution of bands in the ferrite is not random. Many
of the bands form in close proximity to the austenite. At
somewhat higher strains, thin bands also develop within
austenite grains. These bands are deformation twins.
On the microstructural level, formation of a
dislocation cell structure also occurs in the necked
region. Klassen and coworkers (31) found that dislocations
produced within the matrix glide into dislocation cell
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walls. This leaves regions in the matrix which are
virtually dislocation free, even after considerable tensile
straining.
At high strains, the cells start to extend across
grain boundaries. The dislocation structures seem to
develop at grain boundaries and within the grains. As
strain increases, the dislocation cell size decreases to a
critical diameter (32). Many researchers have shown that
this cell structure is the lowest energy configuration and
plays an important role in the work-hardening process (31).
1.5 Objective
The above sections have reviewed the literature
concerning applications, structure, and mechanical
properties of duplex stainless steels. The majority of
published work focuses on room temperature properties of
plate material, impact toughness, and corrosion behavior.
There is little detailed information in the literature
regarding the plastic deformation behavior for sheet duplex
stainless steels as a function of temperature, and,
especially, strain rate. Therefore, the objective of this
thesis is to study the effects of temperature and strain




The deformation behavior of a duplex stainless steel
reflects the deformation of the component ferrite and
austenite phases. Therefore, the ferrite and austenite
microstructure will be characterized and the results of the
mechanical tests will be corralated to the deforma"tion




The duplex stainless steel alloy under investigation
is designated AL2205 and the nominal composition is
presented in Table 2.1. The material was received from the
Allegheny Ludlum Company in the form of 1.23mm (0.049in)
thick, annealed sheet. The steel was processed by
Alligheny Ludlum as follows: 1) Electric arc melted, ADD
refined and continuous cast, 2) Hot rolled to strip
approximately 6.86mm (0.27in) thick, annealed, shot blasted
and pickled, 3) Cold rolled to 2.54mm (O.lOin) thick, coil
ground, annealed and pickled, 4) Cold rolled to strip
1.23mm (0.049in) thickness and bright annealed at a









Composition of Alloy AL2205, weight percent
Cr Ni Mo Si Mn N Fe
22.34 5.77 3.23 0.55 0.36 0.19 Balance
-
2.2 Test Specimens
The as-received sheet was sheared into 203 by 19 mm
blanks and machined to comply with ASTM specification E-8
for sheet-type tensile specimens with a 50.8mm gage length
and a 12.7mm wide reduced section. The samples were
slightly tapered with a 0.075mm variation in width from the
center to the end of the reduced gage section. Uniaxial
tensile testing was performed on samples oriented at
0°, (designated "longitudinal") 450, and 900
(designated "transverse")to the rolling direction.
2.3 Tensile Testing
All tensile testing was conducted on a floor model
Instron mechanical test machine with a 9,100kg (20,000Ib)
capacity. The Instron was equipped with a special
temperature control assembly which was mounted to the
movable (lower) crosshead. This allowed testing of the
samples to be performed in an isothermal bath. The cage
assembly, which embodies the sample and the lower grip, is
shown in Figure 2.1, an overview photograph of the testing
laboratory. The frame fixture allows the Blue-M continuous
agitation oil bath, containing the heating or cooling
fluids, to be raised and lowered around the sample. The
bath fluid varied with temperature range: methanol plus
60T-3674
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2.4 Data Acquisition and Processing
Constant crosshead speed tests were conducted to
obtain complete stress-strain curves. Uniaxial tensile
test data were recorded on both a chart recorder and on
magnetic d isk of a PDP 11/45 microcomputer . The computer
data aquisition system recorded digital voltage signals of
liquid nitrogen for -80°C to OOC; and oil, ueON
HTF-I00, for 25 0 e to 160°C. Tests were performed
at were performed at crosshead speeds of 50.8, 5.08, 0.508,
and 0.0508 mm-min- 1 corresponding to engineering strain
rates of 0.0167, 0.00167, 0.000167, and 0.0000167 sec~
Care was taken to align the samples to ensure uniaxial
tensile loading. Strains were measured with a Shepic
submersible extensometer, with a 50.8mm (2in.) gage
length. The extensometer was attached directly to the
sample, with locator pins at the ends of the gage length.
The same extensometer was used over the entire temperature
range.
Table 2.2 presents the experimental test matrix. True
stress-true strain curves were generated for the
longitudinal, transverse, and 45° orientations.
















































































































































































































































































































































load and displacement which were converted into engineering
stress-strain data.
Ultimate tensile strength values were read directly
from the stress-strain data files. Yield strength was
determined by a 0.2% offset graphical method. A sample is
provided in Appendix A. Considere's constructions of true
stress-engineering strain data were made to determine
graphically the uniform engineering strain. Presented in
Appendix A is a sample of a Considere's construction.
Total elongations were obtained from direct measurements
with a traveling microscope of the marked gage length after
deformation. Post-uniform engineering strain was found
from the difference of total and uniform elongations. The
strain hardening exponent, n, was determined from the slope
of the true stress-true strain curves at given strain
values. A sample calculation is given in Appendix A.
Crosshead speed or strain rate change tests (i.e.,
jump tests) were performed to determine the strain rate
sensitivity. Three engineering strain rate pairs were
used: 0.0167 to 0.00167 sec- 1 , 0.00167 to 0.000167 sec- 1
and 0.000167 to 0.0000167 sec- 1 • The strain rate sensitivity
was calculated as follows
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received material as well as on the material after tensile
deformation. Light microscopy was conducted on a Neophot
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acid which revealed the a-y interfaces. A potassium
were examined.
Metallographic examination was performed on the as
edges longitudinal and transverse to the rolling direction
cloth down to 1 urn diamond paste. The rolling plane, and
hydroxide stain was used to reveal the banded structure of
21 metallograph. Specimens were mounted in bakelite,
ground through 600 grit, and polished on nylon napless
2.5 Metallography
at 5% strain intervals.
load-elongation strip chart by the 2% extrapolation method
described by Wagoner (34). Strain rate changes were made
where, for two stress-strain pairs, m is the strain rate
strain rate sensitivity was determined directly on the the
sensitivity, 0 is the stress, g is the strain rate.
T-3674
the ferrite and austenite. With both etches, the ferrite
phase was the darker structure. The volume fraction of
ferrite was measured by point counting. The grain size was
measured by a linear intercept method on transmission
electron microscope (TEM) micrographs.
Transmission electron microscopy was conducted on
specimens cut from the gage length section. Thin foils
were mechanically thinned to approximately 0.10mm.
Chemical thinning to about 0.07mm was then performed with a
solution of 50% hydrochloric acid, 10% nitric acid, 15%
phosphoric acid, and 35% water (by volume). Final thinning
was performed on a Fishcione twin-jet electropolisher with
10 vol% perchloric acid in a glycerin-ethanol solution at
15°C. Thinning was done at an applied voltage of 10
volts and a current of 20 rnA. The foils were examined with
a Philips EM 400 microscope operated at 120 kV. Foil
examination included bright and dark field imaging, and
selected area diffraction.
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This chapter presents the results of experiments
conducted to characterize microstructure, mechanical
properties, strain-hardening rate, strain rate sensitivity,
and deformation of 2205 duplex stainless steel. The
effects of temperature, strain rate, and orientation on
mechanical behavior are evaluated, (also see Table 2.2).
3.1 Microstructure
Figure 3.1 shows the rolling plane microstructure of
an as-received specimen. Highly elongated lamellae or
bands of ferrite (dark-etched region) are dispersed in an
austenite matrix. The bands" which lie parallel to the
rolling direction, are also evident through the thickness
of the sheet. Ferrite islands were also occasionally
observed within the bands of austenite and vice versa
(18). The ferrite content was determined to be 40 volume
percent.
The grain size of the ferrite grain clusters and the
austenite matrix could not be revealed by etching and light
microscopy. Therefore, the as-received grain size was






Figure 3.1 :iicrostructure of as-received 2205 duplex
stainless steel, electrolytically etched with
oxalic acid. Light crograph of the rolling
plane with the rolling direction (R~) indicated
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micrographs. The grain size was found to be 3.0um and
1.7um for the austenite and ferrite phases,
respectively. Thus, the austenite grain size is about
twice that of the ferrite in the annealed condition. The
average grain size is very fine, corresponding to about
ASTM No.13.
Figure 3.2a shows a TEM micrograph of the annealed
structure of the 2205 duplex stainless steel. The
individual ferrite and austenite grains of this micrograph,
identified by convergent beam electron diffraction, are
outlined and . identified in Figure 3.2b. The ferrite and
austenite phases are slightly intermixed. The apparent
lack of banding in this region would correspond with region
A indicated in Figure 3.1. Figure 3.3 shows individual
grains of ferrite and austenite, in the annealed
condition. The dislocation density is very low in both
phases, and annealing twins are evident in the austenite.
The low dislocation densities and fine equiaxed grains
confirm that both phases are fully recrystallized (18).
The curvature of the boundaries between the ferrite
and austenite grains indicate that the alloy has not
reached a condition of total equilibrium. Some boundaries
are in a low energy state, i.e. the boundaries are
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Figure 3.3 Individual grains of a} ferrite and b) austenite
7:2:21 micrographs
\
pt. X in Figure 3.2a). At pt.Y in Figure 3.2a, the grain
boundaries are curved, a higher energy configuration. The
driving forces to establish equilibrium microstructures and
boundary configurations between the ferrite and austenite
are surface tension and the chemical free energy
differences between the ferrite and austenite.
Surface tension drives the grain boundaries to reach a
lower energy configuration by reducing the curvature and,
therefore, the area of the boundaries. Chemical
equilibrium is driven by the different solubilities of each
alloying element in the ferrite and austenite phases, with
the alloy element partitioning occurring at the phase
boundaries. The curved, non-equilibrium boundaries between
the ferrite and austenite may be caused by processing.
Rapid quenching and short annealing times are used to avoid
detrimental precipitation events. However, the rapid
processing apparently does not allow enough time to
establish interphase boundary equilibrium which depends on
the sluggish diffusion of substitutional alloying
elements. Marginal strengthening effects may be caused by
the curved interfaces which introduce a higher interfacial
area per unit volume into the two phase microstructure.
When equilibrium is attained and the boundaries straighten





The composition differences between the two phases,
determined by energy dispersive spectrometry (EDS) with a
scanning electron microscope (SEM), are found to be small.
As observed by others (11,12,18), the predominate ferrite
stabilizers (Cr, Mo) have a slightly higher concentration
in the ferrite phase. The distribution of austenite
stabilizers (Ni, Mn) tends to concentrate in the
austenite. Nitrogen and carbon segregation differences
could not be detected with EDS analysis. However, due to
the similarities in the microhardnesses of the two phases
(austenite = 285 Hv and ferrite = 240 Hv), nitrogen is
believed to segregate preferentially to the austenite (18).
3.2 stress-Strain Curve Behavior
The following sections present the effects of
temperature, strain rate, and sample orientation on the
mechanical properties of 2205 duplex stainless steel. The
mechanical properties (yield strength, UTS, ductility,
strain hardening) of a material can be summarized by
examining stress-strain curves. The first section presents
the stress-strain curve behavior for this duplex stainless
steel, and the latter sections expand on each property.
3.2.1 Temperature Effect on Stress-Strain Curve Behavior
The family of stress-strain curves generated over the
temperature range, -80 to 160°C, for the duplex
stainless steel produced very unique results. A different
behavior was observed for the duplex stainless steel than
for either 304 austenitic stainless steel or commercially
pure, 1100 AI, over a similar temperature range. The
commercially pure 1100 Al is a fcc material in which
strengthening occurs almost exclusively by strain hardening
mechanisms. For the temperature range of -30 to 200°C,
the yield strength decreases from 5 to 3.5 ksi, the UTS
decreases from 14 to 6 ksi, and the elongation increases
from 40 to 65% for the 1100 Al (data is taken from the
Aluminum standards and data 1984) (35).
Figure 3.4 shows the true stress-true strain curves as
a function of temperature for duplex stainless steel
specimens with tensile axes parallel to the rolling
direction. As temperature decreases, there is a pronounced
increase in yield strength and UTS. However, the
elongation remains fairly constant over the temperature
range tested, varying over about 8%, with a maximum
occurring around DoC. The stress-strain curves are
continuous and the slopes, expecially in the low strain





























Figure 3.4 True stress-true strain behavior with
temperature for the longitudinal orientation
that the amount of strain hardening, at a given strain, is
greater at lower temperatures. At a given temperature, the
slope and, thus, the strain hardening rate decreases as
strain increases.
Huang (21) tested 304 stainless steel over a similar
temperature range, and the family of stress-strain curves
is presented in Figure 1.17. When compared to the duplex
stainless steel, the increase in yield strength of the 304
stainless steel with decreasing temperature was not as
great. However, the extent of the UTS increase with
decreasing temperature was similar to that of the duplex
stainless steel. The 304 austenitic stainless steel also
experienced a maximum in total ductility, which varies over
a broader range than does that of the duplex stainless
steel, about 25%, with a maximum at 25°C. Below
25°C, inflections are present in the curves due to the
formation of strain-induced martensite. This
transformation produces high strengths, and, also
contributes to low temperature strain hardening and thus
larger low temperature elongations.
For a stable, fcc single phase material, such as 1100
AI, the yield strength and UTS increase slightly with
decreasing temperature. Compared to the duplex and 304
stainless steels, which contain two phases, at least at
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3.2.3 Orientation Effect on Stress-Strain Curve Behavior
Figure 3.6 shows room temperature stress-strain curves
lower temperatures, no maximum in the ductility of 1100 Al
occurs. The ductility decreases with decreasing
temperature for 1100 AI. Thus, strain hardening in
aluminum enhances strength, but not the low temperature
ductility as in the duplex and 304 stainless steels.
3.2.2 Strain Rate Effect on Stress-Strain Behavior
Stress-strain curves were obtained for the range of
strain rates tested at 25 and 138°C for the
longitudinal orientation and 138°C for the transverse
orientation. Figure 3.5 shows the family of curves for the
longitudinal specimens for both temperatures. Over the
strain rate range tested, strain rate had little effect on
the yield strength, UTS, and elongation of the duplex
stainless steel. The slopes of the stress-strain curves,
thus, the strain hardening rates, are similar for the
strain rate range tested. A reason for the limited effects
of strain rate on the mechanical properties of this duplex
stainless steel may be that the range of strain rates
tested did not encompass rates which were fast enough to
produce substantial property chances.
78T-3674
Figure 3.5a True stress-true strain behavior with strain
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Figure 3.5b True stress-true strain behavior with strain



























Figure 3.6 True stress-true strain behavior with
orientation at room temperature
3 .3 strength
The mechanical property data presented below are all
for the longitudinal orientation. The data for the
transverse and 45° orientations are given in Appendix
B. The trends measured as a function of temperature and
strain rate were similar for all orientations.
for each orientation (0°, 45°, and 90° to the
rolling direction). The transverse orientation produces
the highest strength and lowest total strain when compared
to the longitudinal and 450 orientations.
The strain hardening of the transverse and
longitudinal orientations are similar, but the 45°
orientation curves have a lower slope at a given strain
when compared to the transverse and longitudinal
orientations. Similarities in strain hardening, strength,
and total strain of these curves for each orientation
confirms the small effects of sample orientation on
mechanical properties of this duplex stainless steel.
Others have found that the effects of sample orientation
were smaller for the tensile specimens when compared to the
properties obtained from Charpy V-notch testing (8).
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3.3.2 Strain Rate Effect on strength
Figure 3.9 shows that at both 25°C and 138°C
the yield strength increases slightly with engineering
strain rate. Also, at lower temperatures, the yield
strength dependency is greater than at the higher
3.3.1 Temperature Effect on strength
Figure 3.7 shows that the 0.2 pet. offset yield
strength decreases almost linearly with increasing
temperature. This temperature dependence of yield strength
for the duplex stainless steel is much larger than that
experienced in austenitic type 304 stainless steel (21).
The increased temperature dependence of yielding in the
duplex stainless steel may therefore be due to the presence
of the ferrite phase (2). The bcc ferritic stainless
steels have a strong dependency of yield strength on
temperature, particularly at lower temperatures (4).
As temperature increases, the ultimate tensile strength
(UTS) also decreases, Figure 3.8, but not as steeply as the
yield strength. The decrease in UTS with temperature is
similar to that experienced by the 304 stainless steel
(21). This decreasing behavior of yield strength and UTS
with increasing temperature is consistant with the results
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Figure 3.7 Yield strength (0.2 pet. offset) versus




Figure 3.8 UTS versus temperature for the longitudinal
orientation
155
Strain rate = 0.0167 sec-1





























































Figure 3.9 Yield strength (0.2 pet. offset) versus
engineering strain rate for the longitudinal
orientation
T-3674
temperatures. Figure 3.10, which also presents data at 25
and 138°C, shows that UTS is constant over the strain
rate range tested. This almost constant UTS behavior with
strain rate was also observed by Barber (36) with a dual
phase, ferrite-martensite, carbon steel. strength as a
function of strain rate was measured for the longitudinal
and transverse orientations. The 45° orientation was
tested at a single strain rate.
3.2.3 Orientation Effect on strength
Both the yield strength and the UTS were greatest for
the transverse orientation. The minimum strength values
were measured in specimens with the 45° orientation.
Figure 3.11 plots yield strength versus temperature,
incorporating all three orientations. The same decreasing
trend is observed for each orientation, but the d ifferences
in the values for all orientations are slight. Similarly,
Figure 3.12 shows that the effects of orientation on UTS
are small.
Similar effects of orientation have been observed by
others (8,18). The transverse orientation produced
slightly higher strength values than did the longitudinal
orientation. The 45° orientation produced the minimum
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Figure 3.11 Yield strength (0.2 pet. offset) versus
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Figure 3.12 UTS versus temperature for the longitudinal,
transverse, and 45 0 orientations
3.4 Ductility
This section presents the effects of temperature and
strain rate on total ductility. The two components of
total ductility or total strain, uniform and post-uniform
strains, were also characterized.
3.4.1 Temperature Effect on Ductility
Figure 3.13 shows the effect of test temperature,
from -80°C to 160°C, on ductility. For each orientation,
the lowest total elongation was measured at -80°C and a
maximum in total strain occurred at a test temperature of
about OOC. Shown in addition are the temperature
dependencies of uniform strain and post-uniform strain.
The uniform strain component experiences a maximum near
that of the total strain, at about OOC. Over the
temperature range investigated, the post-uniform strain
decreased slightly with increasing temperature.
Huang (21) found, over a similar temperature range for
the austenitic type 304 stainless steel, a maximum in total
strain occurred around 20°C, and that both the uniform
and post-uniform strains experienced peaks, at OoC and
T-3674
behavior, such as composite modeling and crystallographic
texturing, are discussed in section 4.7.
91
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o = Total Elongation
o = Uniform Elongation
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Figure 3.13 Elongation or strain versus temperature for
the longitudinal orientation
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25°C, respectively. In austenitic stainless steels,
the peak in total strain correlates with a peak in both the
uniform strain and post-uniform strain. For the 2205
duplex stainless steel, the total strain peak correlates
with only a peak in uniform strain.
The peaks in uniform and post-uniform strains in the
304 stainless steel are attributed to strain-induced
martensite formation. A maximum in uniform strain occurred
at an intermediate temperature where the martensite
transformation rate is delayed to high strains. A maximum
in post-uniform strain occurred at higher temperatures
where the high strains associated with neck formation are
sufficient to produce significant strength increases within
the neck due to martensite formation and strain rate
hardening.
In the 2205 duplex stainless steel, the peak in
uniform strain, and thus, total strain, is related to the
stability of the austenite phase, particularly at low
temperatures. Austenite phase stability decreases as
temperature decreases, leading to possible transformation
to martensite. The austenite phase stability affects the
strain hardening rate. If the austenite is mechanically
unstable, strain induced martensite formation occurs,
strain hardening increases, and uniform strain increases.
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The duplex stainless steel experiences less local necking
compared to the 304 stainless steel. Therefore, the
post-uniform strain contributions to total strain are less.
3.4.2 Strain Rate Effect on Ductility
Figure 3.14 shows the effects of strain rate on each
component of ductility for both 25 and 138°C.
Increasing strain rate causes a slight decrease in total
and uniform strains. The post-uniform strain experiences a
very slight increase with increasing strain rate. The
extent of increasing strain rate effects are much smaller
than the effects caused by increasing temperature. Lower
temperature tests experience a larger decrease with strain
rate than high temperature tests.
3.4.3 Orientation Effect on Ductility
The 45° orientation has higher values of total
strain then do the longitudinal and transverse
orientations. For example, at room temperature the 45°
orientation has a total strain of 30%, compared to 28% and
27.5% for the longitudinal and transverse orientations,
respectively. As stated earlier, the effect of orientation
does not produce a large variation in mechanical property
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Figure 3.14 Elongation or strain versus strain rate for
the longitudinal orientation
3.5.1 Temperature Effect on Strain Hardening Rate
The strain hardening rate as a function of temperature
at various plastic strains is presented in Figure 3.15. At
a given strain level, the strain hardening rate decreases
with increasing temperature. The decrease in strain
hardening rate with increasing temperature is more severe
for the lower strains. Furthermore, the strain hardening
3.5 Strain Hardening Behavior
Strain hardening is the term used to describe the
increase in the stress due to plastic strain required to
cause slip because of previous plastic deformation
(13,22). Strain hardening is caused by dislocation
interactions and substructure formation. In duplex
strainless steels, the strain hardening behavior is
controlled by substructure development in the austenite and
ferrite phases. The substructural results will be
presented in Section 3.7. This section presents the strain
hardening behavior as a function of test temperature,
strain, strain rate, and sample orientation.
T-3674
post-uniform, the 45° orientation possesses the largest
values and the transverse specimens the smallest. This
orientation effect has been reported by others (8,18).
96
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Figure 3.15 Strain hardening rate versus temperature for
the longitudinal orientation
3.5.2 Strain Rate Effect on Strain Hardening Rate
Figure 3.17 presents the strain hardening rate as a
function of engineering strain rate for the longitudinal
orientation at two test temperatures. The strain hardening
rate decreases with increasing strain rate. At a given
strain rate, the strain hardening rate decreases with
increasing strain and increasing temperature.
rate decreases with increasing strain, at a given
temperature. At the lower temperatures, a large difference
in strain hardening values at the lower strain intervals is
observed. Decreasing strain hardening rate with increasing
.t e mp e r a t u r e and strain is also shown in Figure 3.16.
The effect of temperature on the strain hardening rate
of the austenitic type 304 stainless steel is similar to
the duplex stainless steel above room temperature, i.e.
with increasing temperature the strain hardening rate
decreases. Below room temperature, because of the
inflections in the stress-strain curves of the 304
stainless steel (21), there is an inflection in the
decreasing trend of the strain hardening rate with
increasing temperature.
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Figure 3.16 Log-log plot of the strain hardening rate
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Figure 3.17 Strain hardening rate versus engineering
strain rate for the longitudinal orientation
T-3674
3.5.3 Orientation Effect on Strain Hardening Rate
The effect of sample orientation on strain hardening
rate is relatively small. The 45° orientation produces
the smallest values of strain hardening rate. The
longitudinal and transverse values are very close to one
another. This type of dependence of strain hardening on
orientation is similar to that seen for the evaluation of
orientation effects on strength values.
3.6 Strain Rate Sensitivity
Strain rate sensitivity is, qualitatively, defined as
the increase in stress needed to cause a certain increase
in plastic strain rate at a given level of plastic strain
and temperature (37). Strain rate sensitivity is a
function of, among other things, the strain at which it is
evaluated. Figure 3.18 shows the strain rate sensitivity
versus strain, for the duplex stainless steel. Data for
the up and down jumps decrease with increasing strain. As
can be seen, the data for the up and down jumps do not
follow the same decreasing behaviors. This may be due to
the transient in flow stress that develops following a
strain rate change. Changes in mobile dislocation density
lead to different changes in strain hardening behavior,
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Figure 3.18 Strain rate sensitivity versus strain for
-71°C longitudinal sample for the jump of
0.0167 to 0.00167 sec- 1
uniform strain. The resulting asymtotic m-values are
used as the characteristic strain rate sensitivity value.
This is the value that the up and down jumps approach at
-~sec
103
The terminal strain rate sensitivity, mt, will be
For strain rate changes between 0.0167 and 0.00167
3.6.1 Temperature Effect on Strain Rate Sensitivity
averaged to give the mt value, as shown on Figure 3.18
T-3674
the entire temperature range of -80 to 130°C was
tested. Figure 3.19, which presents the temperature
dependence of mt, shows that the terminal strain rate
sensitivity achieves a maximum value at about 10°C.
-1For strain rate changes of 0.00167 to 0.000167 sec and
0.000167 to 0.0000167 sec~ samples were only tested at room
. temperature and above, due to the difficulty in maintaining
temperature stability of the low temperature testing bath.
Figures 3.20 and 3.21 show that for these lower strain rate
change tests, the terminal strain rate sensit ivity
decreases as temperature increases.
The slopes of the data for the three strain rate
change pairs are similar. It could be inferred that a
maximum is incurred at a lower temperature and lower
terminal strain rate sensitivity value, as represented by
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Figure 3.19 Terminal strain rate sensitivity versus test
temperature for specimens in the longitudinal
orientation subjected to changes in strain
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Figure 3.20 Terminal strain rate sensitivity versus test
temperature for specimens of the longitudinal
orientation subjected to strain rate changes
of 0.00167 to 0.000167 sec- 1
>- ~ -
l-































, I 1 I I I I I I ,
-85 -55 -25 5 35 65 95 125 155
TEST TEMPERATURE (OC)
106
I IIII II II III
T-3674
F i gu r e 3.21 Terminal strain rate sensit ivity versus test
temperature for specimens of the longitudinal
or ientation subjected to strain rate changes
of 0.000167 to 0.0000167 sec-1
of 0.00167 to 0.000167 sec-i , the inferred maximum occurs
around -30°C and about -65°C for a strain rate
change of 0.000167 to 0.0000167 sec~.
The . strain rate sensitivity of 304 stainless steel has
been tested over a similar temperature range. For the
strain rate sensitivity evaluated near the uniform strain
(nearly equivalent to the terminal strain rate
sensitivity), a very slight maximum occurred near 50°C,
for jumps between 0.0167 and 0.00167 sec-i.
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3.6.2 strain Effect on the Strain Rate Sensitivity
During jump testing, strain rate changes were made at
2.5% strain intervals. As seen in Figure 3.18, strain rate
sensitivity tends to decrease with increasing strain.
However, as found by Ferron (38) and others (36,39), the
values for the up and down jumps do not follow the same
decreasing trends. Therefore, the characteristic value,
referred to as the terminal strain rate sensitivity, is
used for data evaluation. The terminal strain rate
sensitivity is evaluated at the uniform strain value of
each test.
The strain rate sensitivity of the austenitic type 304
stainless steel decreases with increasing strain above room
temperature. Below room temperature, a peak in the strain
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rate sensitivity is observed with increasing strain. The
peak in the strain rate sensitivity directly mirrors the
peak in martensite transformation rate in the 304 stainless
steel (21).
3.6.3 Strain Rate Effect on Strain Rate Sensitivity
The strain rate effect on strain rate sensitivity was
evaluated by averaging the two strains at which the jump
tests were conducted. As presented in section 3.6.1, as
the strain rate pair values decrease, the terminal strain
rate sensitivity decreases and the maximum in the terminal
strain rate sensitivity shifts to a lower mt value and a
lower temperature.
Figure 3.22 shows that the terminal strain rate
sensitivity tends to increase with increasing strain rate.
This is similar to the behavior of 304 stainless steel
observed by Haung (21). The strain rate sensitivity
increases with strain rate for temperatures where slip
deformation dominates. This observation is consistant with
previous results obtained on solid solution strengthened
alloy systems (21).
3.7 Deformation Behavior


































ENGINEERING STRAIN RATE (sec-i)
Figure 3.22 Terminal strain rate sensitivity versus
engineering strain rate for the longitudinal
orientation
steel is a result of the deformation of the austenite and
ferrite phases. Thus, the microstructural and
sUbstructural behavior of each phase must be investigated.
In this section, characterization of fracture and the
sUbstructure will be presented.
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3.7.1 Fracture Surface
All samples failed by localized necking within the
sheet. Figure 3.23 shows the fracture surface of samples
tested at -73°C and 160°C. The fracture surfaces
of both specimens are entirely covered with dimples. The
average size of the smaller dimples is about 3um for the
entire temperature range. This dimple size, 3um, is the
size of the average austenite grain in this material, and
must be related to the distribution of void-nucleating
particles in the steel. Also, no evidence of brittle
failure associated with the bcc ferrite phase was evident.
Therefore, cleavage of the ferrite has been suppressed,
perhaps because of the constraint of the more ductile
austenite, the high Ni content of the ferrite phase in the
duplex stainless steel, or the very fine grain size of the
ferrite in the duplex stainless steel.
At the higher temperatures, the amount of larger voids
or higher energy voids is greater than at the lower
2-3674
Figure 3.23 . Fracture surface of deformed specinens for a
strain rate of 0.0167 sec- 1 at test
t~rnperatures of a)-73C b)160C
111
temperatures. Also, as temperature decreases, the depth of
the voids on the fracture surface also decreases . . Bird and
Pollock (29,40) have observed this type of void behavior in
their studies of flow localization on the Ferralium duplex
stainless steel. They concluded that failure occurred by
the intersection of macroscopic shear bands. In the
regions where the shear bands intersect, isolated voids
have a larger size.
3.7.2 Substructure Development
Substructure development was studied by transmission
electron microscopy. The effects of temperature and
tensile strain, up to 20%, were investigated. Slip lines,
deformation twins, stacking faults, dislocation cells, and
possibly small amounts of martensite were found to make up
the substructure. Table 3.1 gives a summary of the
substructure development in the 2205 duplex stainless
steel. The effects of test temperature and amount of
tensile deformation are summarized.
At -80°C, the austenite phase begins to deform by
slip and extensive twinning. As tensile deformation
increases, so does the formation of stacking faults.
Figure 3.24a shows the stacking faults developed in the
austenite phase at -800C. The formation of e or a'
T-3674 112











































































































































































































































































































































































































































































































































































































































martensite at low temperatures and higher strains may be
possible. The identification of g or 0' martensite by
diffraction was inconclusive. Epsilon, and particularly
0' martensite, form at the intersections of stacking
faults and slip lines (41), therefore there is the
possibility of the existence of a small amount of
martensite.
In the austenite phase, a very fine cell structure is
developed by the intersections of dislocations on two
active slip systems. The cell structure begins to form
above room temperature. Figure 3.24b and c shows the cell
structure and slip lines present in the austenite phase at
room temperature. Also, as seen, as the temperature
increases, the number of slip lines decreases and a more
pronounced cell structure is formed.
A cell structure is formed at the low temperatures in
the ferrite phase. As temperature is increased, deformation
twinning is gradually reduced, but a cell structure still
remains. The cell development forms from irregular
dislocation tangles in the ferrite phase. As seen, as
temperature increases, the dislocation cells become more
pronounced and smaller in size. Figure 3.25 shows the
effect of increasing tensile deformation in the ferrite






















































































































density of dislocations and the extent of cell formation.
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steel alloy AL2205. The properties and deformation
Chapter 3 presented the results of the effect of test




parameters evaluated were strength, ductility, stress-strain
mechanical properties and behavior of the duplex stainless
T-3674
curves, strain hardening, and strain rate sensitivity.
Deformation mechanisms as revealed by thin foil TEM
examination were also investigated. The mechanical
properties of a ferrite-austenite duplex stainless steel
reflect the deformation of the individual ferrite and
austenite phases. In this chapter, the interpretation of
the results will be given. Included in this presentation is
an analysis of the anisotropic behavior observed in this
material.
4.1 Microstructure
The microstructure of the duplex stainless steel alloy
2205 consisted of 40 vol% ferrite in an austenite matrix
with a banded structure. The banded structure is thought to
be caused by thermomechanical processing (2,40) and to some




between the two phases was confirmed to -be slight
(11,16,18), as seen in Table 1.3. The hot working generates
a structure that can be characterized as bands which are
elongated in the working direction. As the percent
reduction increases so does the extent of banding. In alloy
2205, the phases elongate along the rolling plane, resulting
in a microstructure with a banded appearance (40).
A rapid quench and short annealing times used to avoid
detrimental precipitation events was sufficient to
completely recrystallize both the ferrite and austenite but,
did not allow enough time for the alloy to establish a
complete equilibrium condition. Many of the boundaries
between the ferrite and austenite grains showed significant
curvature, as seen in Figure 3.2, because of insufficient
annealing time for the substitutional atom diffusion
required to partition Cr and Ni atoms between the ferrite
and austenite at interphase boundaries. Longer annealing
times would be expected to produce mostly planar interphase
boundaries.
4.2 Stress-Strain Curve Behavior with Temperature
The family of stress-strain curves generated over the
temperature range, -80 to 160°C, for the duplex
stainless steel, alloy 2205, produced very unique results.
A different behavior is observed when compared to a similar
family of type 304 austenitic stainless steel stress-strain
curves, presented in Figure 1.17 (21), or to a stable fcc
material, such as commercially pure 1100 AI, in which the
strengthening is caused by the strain hardening of a single
phase, with the properties given in Section 3.2.1 (35).
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4.2.1 Strength Behavior
The duplex stainless steel experiences a pronounced
linear increase in 0.2% offset yield strength with
decreasing temperature, as seen in Figure 3.7. This
pronounced yield strength increase is unlike that of the 304
stainless steel or the commercially pure AI, and is thought
to be due to the presense of the ferrite phase in the duplex
alloy. The bcc ferrite phase in stainless steels has a
strong dependency of yield strength on temperature,
particularly at lower temperatures (2). In comparison, the
stable, single phase materials, fcc 1100 Al and 304
stainless steel, experience a slight increase ·in yield
strength with decreasing temperature. The 304 type
stainless steels may undergo martensitic transformation but,
at strains larger than that required for yielding.
Over the temperature range tested, both the duplex
stainless steel (Figure 3.8) and type 304 austenitic
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stainless steel experience a pronounced linear increase in
tensile strength with decreasing temperature. In contrast,
the stable, single phase fcc 1100 Al, experiences a slight
increase in tensile strength with decreasing temperature.
The enhanced low temperature tensile strengths of the duplex
and 304 stainless steels is due to the increasing low
temperature strain hardening of these materials, which the
1100 Al does not experience.
The low temperature strain hardening of the type 304
austenitic stainless steel is enhanced by martensite
transformation. The strain hardening rate of the duplex
stainless steel is enhanced through the substructural
development in the individual ferrite and austenite phases.
As seen in Figure 3.15, the strain hardening rate of the
duplex stainless steel increases linearly with decreasing
temperature, which mirrors the linear increase in tensile
strength with decreasing temperature.
The enhanced low temperature strain hardening of the
duplex and 304 stainless steels not only increase the
tensile strength but, also increase the toughness of these
materials, when considering toughness to be described as the
total area under the stress-strain curve (12). In contrast,
the toughness of 1100 Al decreases with decreasing
temperature due to modest strength increases and decreases
in ductility. For the type 304 austenitic stainless steel,
Figure 1.17 (21), the maximum in toughness appears to occur
at an intermediate temperature, approximately -25 to
OOC. In contrast, for the duplex stainless steel,
maximum toughness occurs at the lowest temperature,
-80°C, due to the almost constant elongation and
increasing strength at low temperatures, as seen in Figure
3.4. Therefore, due to the enhanced low temperature
strength and strain hardening, duplex stainless steel
possesses a maximum toughness at the lowest temperature, the
304 stainless steel has a maximum at an intermediate
temperature, and maximum toughness is obtained at high
temperatures for polycrystalline aluminum.
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4.2.2 Ductility Behavior
The total ductility, or total strain, is the sum of the
uniform and post-uniform strains. Total strain is a
function of both the strain hardening rate and the strain
rate sensitivity.
The common trend of a decrease in total strain with an
increase in strength, as seen in the stable, fcc single
phase 1100 AI, is not observed in the duplex stainless steel
or type 304 austenitic stainless steel. Both the duplex and
304 stainless steels attain a maximum in total strain over
the temperature range tested. The duplex stainless steel
attains a maximum around oOe and does not vary
significantly with temperature, as seen in Figure 3.13,
covering a range of about 8%, from 22 to 30%. On the other
hand, the type 304 austenitic stainless steel reaches a
maximum at about 25 0 e and varies over a broader range,
from approximately 40 to 65%, as seen in Figure 1.17 (21).
Figure 3.13 also shows how the two components of total
strain, uniform and post-uniform strain, vary with
temperature for the duplex stainless steel. The uniform
strain attains a maximum at about oOe, mirroring the
behavior of total strain. The post-uniform strain remains
nearly constant over the temperature range tested. The 304
stainless steel was found to experience a peak in uniform
strain below that of the total strain and post-uniform
strain peaked above that of the total strain (21).
The improved tensile elongation of the duplex and 304
stainless steels, particularly at the lower temperatures,
derives in part from the increased uniform elongation (42),
which is controlled by the strain hardening rate. Thus ,
since the strain hardening rate is higher at the lower
temperatures (Figure 3.15 for the duplex stainless steel),
the strength level obtainable at a given strain is
increased. Increasing the strain hardening rate of the
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material retards the onset of necking instability and the
total strain to failure increases (43). Above the
temperature of the maximum uniform elongation, the
contribution of strain hardening rate decreases and the
uniform elongation decreases as temperature increases.
The contribution to total elongation by post-uniform
elongation, which is controlled by strain rate sensitivity,
was small for the duplex stainless steel. However, for the
type 304 austenitic stainless steel, post-uniform strain
contributed to the peak in total elongation. High strain
rate sensitivity promotes "quasi-stable flow" and extensive
post-uniform elongation during the tensile test (44). The
peak in post-uniform elongation for 304 stainless steel was
found to mirror the peak in martensite transformation rate,
occurring at higher temperatures where the high strains
associated with neck formation are sufficient to produce
significant strength increases within the neck due to
martensite formation and strain hardening (21). Even
though, for the duplex stainless steel, the terminal strain
rate sensitivity is not constant with temperature, as seen
in Figure 3.19, the post-uniform strain does not mirror this
behavior since the amount of post-uniform elongation is a
relatively small portion of the total strain.
The formability of a material is related to the amount
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of total strain attained. Therefore, in the case of the
duplex stainless steel, sheet forming may be performed at
lower temperatures since ductility is relatively insensitive
to temperature and higher strengths could be generated by
strain hardening.
The type 304 austenitic stainless steel also allows for
higher strengths to be obtained at lower temperatures for a
given strain. In contrast to the duplex stainless steel,
304 stainless steel allows for larger elongations to be
obtained while still possessing good strengths. However,
the strength of the 304 stainless steel is lower than the
duplex stainless steel. For example, the room temperature
UTS value of the duplex is 1100 MPa and 650 MPa for the 304
stainless steel.
When comparing the duplex stainless steel to the 1100
Al, the duplex stainless steel possesses higher strengths
plus larger elongations at low temperatures. However, at
higher temperatures, the 1100 Al possesses larger
ductilities, 65% compared to 26%. Thus, in terms of
formability, the duplex stainless steel is limited to a
certain amount of strain but, that strain is accompanied by
high strengths, particularly at lower temperatures.
T-3674 125
4.3 Stress-Strain Curve Behavior with Strain Rate
As Figure 3.5 shows, strain rate had little effect on
the mechanical properties of the duplex stainless steel,
over the strain rate and temperature ranges tested. The
yield strength, UTS, and all components of strain remained
fairly independent of strain rate (Figure 3.9, 3.10 and
3.14, respectively). A reason for this limited effect of
strain rate on the mechanical properties of this duplex
stainless steel may be that the range of strain rates tested
did not encompass rates which were fast enough to produce
substantial property changes. Due to the similarities of
each curve in a family, the toughness and formability of
each condition is similar.
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4.4 Strain Hardening Behavior
As seen in Section 4.2, strain hardening played an
important role in the properties obtained in a material.
For the duplex stainless steel and type 304 austenitic
stainless steel, the strain hardening allowed high strengths
to be accompanied by good low temperature ductilities. At
low temperatures, the strain hardening rate offset the
adverse effects on ductility of increasing strength. In the
stable, fcc s.ingle phase 1100 Al, strengthening was achieved
by strain hardening, with no enhancement of ductility.
Strain hardening is the term used to describe the
increase in the stress required for plastic strain after
previous plastic deformation (12,22). Strain hardening is
caused by dislocation interactions and substructure
formation. In the case of stable, fcc 1100 AI, strain
hardening is caused simply by dislocation interactions.
The strain hardening rate of austenitic stainless
steels can be significantly increased by decreasing the
austenite stability (45,46). In type 304 austenitic
stainless steels, the strain hardening rate is a function of
martensite formation and the increased dislocation
interactions this causes. The martensite formation occurs
at lower temperatures where the strain hardening rates are
largest (21). Thus, as temperature increases and the
martensite transformation decreases, the austenite stability
increases and the strain hardening rate decreases.
The strain hardening rate of the duplex stainless steel
is determined by the stability of the austenite and ferrite
phases. The ferrite structure is stable throughout the
testing conditions employed and deforms only by the
development of a dislocation cell structure (17). The cell
structure formed in the ferrite phase in shown in Figure
3.25c.
Due to the ferrite phase stability, the austenite phase
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is the controlling factor in the strain hardening behavior
of the duplex stainless steel. At low temperatures, where
the strain hardening in the largest, the austenite stability
is considerably reduced due to the extensive formation of
deformation twins, slip lines, stacking faults (pictured in
Figure 3.24a), and possibly a small amount of martensite.
As seen in Figure 3.24b,c, as temperature increases, the
density of deformation twins and stacking faults decreases
and a cell structure becomes the dominant mechanism of
strain hardening, reflecting the increasing austenite
stability. At higher temperatures, the strain hardening
rate is governed entirely by the fine dislocation cell
structure developed in the duplex stainless steel. As the
cell structure develops, a minimum energy configuration is




Over the temperature and strain rate range tested, all
samples railed by localized necking and exhibited a ductile
rupture type fracture surface. The average dimple size, for
all samples, was approximately the size of the average
austenite grain. This, coupled with the fact that the low
temperature cleavage fracture of the more brittle, bee,
4.6 Effect on Formability
For the test matrix considered, the temperature has a
greater effect on properties and formability than the strain
rate. This is seen through the larger temperature
dependencies of total strain to failure and strain hardening
rate.
ferrite phase was not seen, may imply that the more ductile,
fcc, austenite provides a beneficial stress state to the
deforming ferrite. Another major reason for the suppression
of cleavage in the ferrite at low temperatures may be the
high Ni content of the ferrite. Without Ni, cross slip of
screw dislocations becomes difficult in bcc ferrite, and
cleavage results at low strains at temperatures just below
room temperature. The very fine grain size of the ferrite
would also be very beneficial in lowering the ductile to
brittle transition.
As temperature decreased, the depth of the voids on the
fracture surface decreased, as others have reported
(30,40). The decreasing void depth corresponds to a
decrease in the energy needed void growth.
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The strain hardening rate contributions to the
properties of the duplex stainless steel are more
significant than those of the strain rate sensitivity. This
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conclusion is made based on the relative amounts of uniform
and post-uniform strains. On the average, the uniform
elongation equals about 83% of the total elongation.
The large strain hardening rates and yield strengths at
low temperatures, gives this material better than expected
elongations at these temperatures. At the higher
temperatures, elongations drop off because both the strain
hardening rate and the strain rate sensitivity decrease as
temperature increases. The decrease in strain hardening
rate with temperature also causes a decrease in the ultimate
tensile strength. This material can be used at maximum
strength and not lose ductility.
Duplex stainless steels have an advantage in terms of
applications, since the effects of orientation on the
properties is slight, this material can be formed by biaxial





The following conclusions are based on tensile testing
of a duplex stainless steel at temperatures between -80 to
1600C and strain rates from 1.67x10-2 to 1.67x10- S sec-I.
1. The total strain is directly proportional to the
uniform strain, and goes through a maximum at OOC.
Post-uniform strain changes little over the
temperature and strain rate ranges examined.
2. The maximum in uniform strain at OOC results from an
optimum balance of yield strength and strain hardening
rate. At low temperatures, high yield strengths
offset the effects of high strain hardening rates, and
at temperatures above OoC, low strain hardening rates
and correlate with the slightly reduced uniform
elongations.
3. Yield strength decreases linearly with increasing ~J
temperature, a result attributed to the strong
temperature dependent flow stress of the bcc ferrite
phase.
4. Ferrite deforms at all temperatures by dislocation cell
structure formation, while the austenite undergoes a
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transition from cell structure development to strain-
induced twin and martensite formation with decreasing
temperature. The transition in deformation mechanisms
in the austenite correlated with the increased strain
hardening at low temperatures.
5. Orientation effects on the mechanical properties of the
duplex stainless steel are small. The highest
strengths were measured in specimens oriented
transverse to the rolling direction and the lowest
strengths were measured in specimens oriented 450 to
the rolling direction.
6. The tensile fracture in both phases occurred
completely by microvoid coalescence. The absence of
cleavage in the bcc ferrite at low temperatures may be
due to favorable constraints by the austenite, the high
Ni content of the ferrite, and/or the fine grain size
of the duplex stainless steel.
7. This study has shown that the ductility of the AL2205
duplex stainless steel is remarkably insensitive to
temperature, despite significant changes in yield and
ultimate strengths. Thus, toughness is expected to
increase with decreasing temperature. Also, sheet
steel forming conditions could be selected to produce a
variety of strengths for a variety of applications.
T-3674 133
REFERENCES
1. N. Sridhar, J. Kolts, S.K. Srivastava, and A.I.
Asphahani, "Physical Metallurgy, Properties, and
Industrial Applications of Ferralium Alloy 225,"
Duplex Stainless Steel (Conf. Proc.) 1983,
pp. 481-502.
2. H.D. Solomon and T.M. Devine, Jr., "Duplex Stainless
Steels - A Tale of Two Phases," Duplex Stainless
Steel (Conf. Proc.) 1983, pp. 693-756.
3. C.V. Roscoe and K.J.l Gradwell, "The History and
Development of Duplex Stainless Steels - All That
Glistens is not Gold," Duplex Stainless Steel '86
(International Conf.), pp. 126-135 .
4. Stainless Steel, R.A. Lula, ed., ASM, 1986, p. 72.
5. J.D. Redmond, "Selecting Second Generation Duplex
Stainless Steels," Chemical Engineering - Technical
Brief.
6. J. Olsson and S. Nordin, "Applications and Uses of
Duplex Stainless Steel," Duplex Stainless Steel '8q
(International Conf.), pp. 219-225.
7. Peckner and Bernstein, Handbook of Stainless Steels,
1977, p. 4-11
8 . W.B. Hutchinson, U.V. Schkippenbach, and J.Jonsson,
"Texture and Anisotropy in Duplex Stainless Steels,"
Duplex Stainless Steels '86 (International Conf.),
pp. 326-330.
9. M.A. Streicher, "Stainless Steels: Past, Present and
Future," Stainless Steel, 1977, pp. 1-16.
10. B. Costes, "Applications of Cast and Forged Austenite-
Ferrite Duplex Stainless Steel Metallurgical
Charicteristics, Consequences Regarding Designs and
Application of Industrial Parts," Duplex Stainless
Steel '86 (International Conf.), pp. 319-325.
11. C.A. Clark, P . Gentil, and P. Guha, "Development of
Improved High Alloy Duplex Steels," Duplex Stainless
Steels '86 (International Conf.), pp. 109-113.
T-3674 134
12. · W.C. Leslie, The Physical Metallurgy of Steels, 1982.
13. G.E. Dieter, Mechanical Metallurgy, 2nd ed., 1976.
14. R.J. Klassen, M.N. Bassin, M.R. Bayoumi, and H.G.F.
Wilsdorf, "Mechanisms of Plastic Deformation Prior to
Ductile Fracture in a Low Alloy Steel," Materials
Science and Engineering, Vol. 83, 1986, pp. 39-44.
15. J.Kolts, "Properties of Ferralium Alloy 225 Duplex
Austenitic-Ferritic Stainless Steel for Sour Gas Well
Applications," Duplex Stainless Steel (Conf. Proc.)
1983, pp.233-246.
16. L.E. Svensson and B. Gretoft, "Properties -
Microstructure Relationship for Duplex Stainless
Steel Weld Metals," Duplex Stainless Steel '86
(International Conf.) pp. 288-294.
17. A.J. Strutt and G.W. Lorimer, "Structure Property
Relationships of Zeron 100," Duplex Stainless Steel
'86 (International Conf.), pp. 310-318.
18. W.B. Hutchison, K. Ushioda, and A. Runnsjo,
"Anisotropy of Tensile Behavior in a Duplex
Stainless Steel Sheet," Materials Science and
Technology, Vol. 1, Sept. 1985, pp. 728-731.
19. S.T. Mileiko, "The Tensile Strength and Ductility
of Continuous Fibre Composites," Journal of Materials
Science, Vol. 4, 1969, pp. 974-977.
20. I. Von Hagen and M. Keller, "Interrelation
Between Fabrication Processes and Mechanical
Properties of Austenitic-Ferritic Duplex
Stainless Steel Tubes," Duplex Stainless Steel
(Conf. Proc.) 1983, pp. 325-353.
21. G.L. Huang, O.K. Matlock, and G. Krauss, "Martensite
Formation, Strain Rate Sensitivity and Deformation
Behavior of Type 30Y Stainless Steel Sheet," To be
published Met. Trans A (March 1988).
22. A.K. Ghosh, "A Numerical Analysis of the Tensile Test
for Sheet Metals," Metallurgical Transactions,
Vol. 8A, 1977, pp. 1221-1232.
T-3674
23. D.K. Matlock and G. Krauss, "Microstructure and
Ductility of Sheet Metals," To be published in:
Inter-Relationship of Metallurgical Structure and
Formability 1987.
24. T. Gladman, "Work Hardening of Dual-Phase Steels,"
Metal Science, March 1981, pp. 95-100.
135
25. A. Melander, E. Schedin, S. Karlsson, and J.
Steninger, "A Theoretical and Experimental Study of
the Forming Limit Diagrams of Deep Drawing Steels,
Dual Phase Steels, Austenitic and Ferritic Stainless
Steels and Titanium," Scandinavian Journal of
Metallurgy, Vol. 14, 1985, pp. 127-148.
26. A.K. Ghosh, "Influence of Strain Hardening and Strain-
Rate Sensitivity on Sheet Metal Forming,"
Transactions of ASME, July 1977, pp. 264-274.
27. J.E. Bird, T. Pollack, and S.K. Srivasta, "Flow
Localization During Plane Strain Punch Stretching of a
Ferritic-Austenitic Steel," Metallurgical Transactions
Vol. 17A, Sept 1986, p. 1537.
28. A. Melander and K.O. Husby, "Influence of the Strain
Rate Sensitivity on Diffuse Necking in Tensile Tests,"
Materials Science and Engineering, Vol. 46, 1980,
pp . 103-112 .
29. J.M. Carlson and J.E. Bird, "Development of Sample-
Scale Shear Bands During Necking of Ferritic-
Austenitic Sheet," Acta t1etallurgica, Vol. 35, NO.7,
1987,pp. 1675-1701.
30. D.V. Wilson, "Strain-Rate Sensitivity and Effects of
strain Rate in Sheet Forming," Metals Technol.Q9.Y,
July 1980, pp. 282-292.
31. R.J. Klassen, M.N. Bassin, et.al., "Mechanisms of
plastic Deformation Prior to Dectile Fracture in a
Low Alloy Steel," Materials Science and Engineering,
Vol. 83, 1986, pp. 39-44.
32. D. Hull and D.J. Bacon, Introduction to Dislocations ,
3rd ed., 1984, p. 175.
33. Private Communication with John Grubb, Allegheny
Ludlum Steel Corp.
T-3674 136
34. R.H. Wagner, "strain-Rate Sensitivity of Zine Sheet,"
Metallurgical Transactions ~, Vol. 15A, June 1984,
pp , 1265-1271.
35. "Aluminum Standards and Data 1984", The Aluminum
Association, Inc. 1984, pp.33.
36. M. Nagoraka, "Microstructural and Strain Rate Effects
on Stage III Strain Hardening and Ductility in a Dual
Phase Steel," To be published.
37. Metals Handbook - Desk Top Edition.
38. G. Ferron, M. Mliha-Touati, and P. Tarti, "Variation
in Ductility Produced by Strain Rate Changes in
Tensile Testing," Materials Science and Eng ineering,
Vol. 59, 1983, pp. 185-196.
39. A.K. Ghosh and R.A. Ayers, "On Reported Anomalies in
Relating Strain-Rate Sensitivites (M) to Ductility,"
Metallurgical Transactions, Vol. 7A, 1976,
pp. 1589-1591.
40. J.E. Bird and T.Pollack, "Formability and Shear
Failure of an Austenitic-Ferritic Stainless Steel."
41. T. Angel , "Formation of Martensite in Austenitic
Stainless Steel," Journal of the Iron and Steel
Institute, 1954, pp. 165-174.
42. T.Gladman, "Dual Phase and Other Formable Steels,"
Invited Paper, pp. 65-72.
43. C. Lanzillotto and F. Pickering, "Structure-property
Relationships in Dual Phase Steels," Metal ~cience,
Vol. 16, 1982, pp. 371-382.
44 . R. Stevenson, "A Comparison of Constitutive Relations
Incorporating Strain-Rate Hardening," Journal of
Engineering, Materials and Technology - Technical
Brief, Vol. 133, 1981, pp. 261-267.
45. H. Sung, "Temperature Effect on the Substructural
Development During Tensile Straining in a Duplex
Stainless Steel," To be published August 1988.



























Figure A.l Sample figure of yield strength determination
utilizing the 0.2% offset method with an
elastic modulus of 190 GPa. The true stress-
true strain curve was blown up within the
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Figure A.3 Sample figure of the strain hardening rate
determination, the tangent was drawn to the
curve at a specific strain and the slope of the
tangent was taken as the strain hardening rate
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Figure A.4 Sample of the 2% extrapolation method to
determine the points used in the determination
of the strain rate sensitivity
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APPENDIX B
stress-strain curve behavior for the Transverse



























Figure B.l True stress-true strain behavior versus
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Figure B.2 True stress-true strain behavior versus
















1 = 0.0167 sec -1
230 2 = 0.00167 sec-1
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Figure B.3 True stress-true strain behavior versus strain
rate for the tranverse orientation at 138°C
